The Michael-Michael-retro Michael addition catalyzed by 9-amino-9-deoxyepiquinine was monitored and the major intermediates and catalyst in the catalytic cycle were detected and characterized using ESI-MS/MS for the first time. Some important isomeric intermediates including isomeric enamine and imine structures were tentatively differentiated and further studied by theoretical calculations. Fragment ions of protonated catalyst indicate that proton possibly influences the conformation
R ecently, cinchona alkaloids and their derivatives have played a major role in the active field of small-molecule organocatalysts [1] . Many reactions catalyzed by them yield highly enantioselective products. To understand the reaction mechanisms, some studies on the conformation of cinchona alkaloids in the presence of acid were carried out using nuclear magnetic resonance (NMR) spectroscopy [2] . Obviously, studying the catalytic processes and their reaction mechanisms and, if possible, further understanding the structural characteristics of protonated cinchona alkaloids and their derivatives using other methods remains desirable.
Mass spectrometry (MS) has greatly benefited from the development of electrospray ionization (ESI) [3] . ESI is a powerful ion formation technique and it can directly transfer both positive and negative ions from solution to the gas phase [4] . Due to these distinctive characteristics, ESI-MS and its tandem version ESI-MS/MS have rapidly become suitable tools for detection and characterization of reaction intermediates in solution, which can provide direct evidence for mechanistic studies [5] [6] [7] .
Recently, Chen et al. reported the Michael-Michaelretro Michael addition reactions of ␣,␣-dicyanoolefins with ␣,␤-unsaturated ketones catalyzed by 9-amino-9deoxyepiquinine, as outlined in Scheme 1. This type of reactions can provide the enantiopure 2-cyclohexen-1-one derivatives [8] . According to Scheme 1, ␣,␤-unsaturated ketone 2 is activated by the primary amine, which generates iminium intermediate 3. Intermediate 3 adds to deprotonated acyclic ␤-phenyl ␣,␣-dicyanoolefins 4 by a Michael addition reaction to yield intermediate 6.
Intermediate 7 is formed by an intramolecular prototrophic shift from 6, and then intermediate 8 is generated by intramolecular Michael addition. Intermediate 8 produces intermediate 9, which further generates the product 10 and catalyst 1 by hydrolysis. To our knowledge, the reaction mechanisms have not yet been investigated. In view of the importance of the reactive utility and the catalyst, in this paper we will attempt to probe the reaction intermediates 3, 5, 6, 8, and 9 (Scheme 1) and understand the structural characteristics of the protonated catalyst using ESI-MS/MS technique and ab initio quantum mechanical calculation.
Experimental
High-resolution experiments were performed on a Bruker BioTOF-Q mass spectrometer (Billerica, MA) in the positive and negative modes. Accurate masses of fragment ions were determined by external mass calibration using the mass calibrants of MW 622.0290 and 922.0098. High-purity nitrogen gas was used as collision, nebulizer, and auxiliary heated gas at a pressure of 30 psi. The samples introduction rate was 115 L/h. The ESI source conditions in the positive and negative modes were as follows: capillary V, Ϫ4500 V (positive), 4000 V (negative); end plate voltage, Ϫ4000 V (positive), 3500 V (negative); capillary exit voltage, 100 V; dry gas temperature, 150°C. Collision energy was optimized according to the signal. Three reaction systems were selected (Scheme 2) and monitored off-line at different intervals (the first day every 2 h and then a sample every 24 h up to 216 h) using ESI-QTOF. A solution of catalyst (1 0.002 mmol), ␣,␤-unsaturated ketone (2a or 2b 0.01 mmol), acyclic ␤-phenyl ␣,␣-dicyanoolefin (4a or 4b 0.01 mmol), and TFA (0.004 mmol) in THF (2 mL) was stirred at room temperature. The mixed sample was diluted by CH 3 OH (1:50) before transfer into the ESI source.
Ab initio quantum mechanical calculations were per- formed with the DFT variant hybrid density functional theory (B3LYP) [9] in conjunction with 6-31G(d) basis set [10] as implemented in the Gaussian 03 program package [11] . The geometries of stationary points and first-order saddle point were identified by frequency analysis, and transition-state (TS) structure was vali-dated with one and only one imaginary frequency related to the forming C-C bond. The energy of each structure was evaluated and corrected by calculated zero-point energies and thermal effects from the frequency analysis using the B3LYP/6-31G(d) method.
Results and Discussion
Because of the high sensitivity of ESI-QTOF, the intermediates can be detected even though the concentration is low. However, some unexpected peaks in the low mass region, possibly resulting from the solvent, are also observed due to the high sensitivity. Fortunately, the high-resolution QTOF can distinguish the intermediates from the unexpected peaks unambiguously. , were observed in positive ion mode as major ions (Figure 1 ). In the negative ion mode, the intermediate between 9aa · H ϩ (m/z 602) and 1 · H ϩ (m/z 324) is shown in the insert in Figure 1 .
For further structural characterization of the catalyst and intermediates, tandem mass spectrometric analysis was utilized. As shown in Scheme 3, the proton is located at the N atom of the primary or tertiary amine, since the fragment ion at m/z 307 from the protonated catalyst must have two isomeric structures, which produce the fragment ions at m/z 264 and 198, respectively. The result implies that a pentacycle could be formed through N-H-N hydrogen bonding, which possibly influences the conformation of catalyst and further influences the reactive enantioselectivity. The MS/MS spectrum of protonated intermediate 3a is very similar to catalyst 1 (Figure 2 ) and the fact that no fragment ion at m/z 324 [1 ϩ H] ϩ was observed indicates that cleavage is difficult on the iminium double-bond (Scheme 4a). The fragment ion at m/z 154 was possibly generated by the loss of a HCN molecule from the intermediate 5a (Figure 2 ). In the MS/MS spectrum of m/z 668 (Figure 4 To investigate the reaction mechanisms more in detail, ab initio quantum mechanical calculations was focused on the intermediates 6bb, 7bb, 8bb, and the transition-state from 7bb to 8bb, and subsequent product 9bb. The most possible low-energy minimum structures located for these isomeric intermediates, which all were stabilized by favorable polar interacting between the positive charged tertiary iminium and electronic density-rich cyano moiety are shown in Figure 5 . The transition-state of the cyclization from 7bb to 8bb (Figure 6 , TS-78) was investigated and the corresponding activation free-energy was predicted to be ϳ17.79 kcal/mol. The reaction barrier of the conversion from 7bb to 8bb is near to the difference of stability thermo-dynamically between 7bb-enamine and 6/7bb-imine. This indicated that the transformation from 7bb to 8bb could take place under the reaction situations of isomerization between 7bb-enamine and 6/7bbimine. However, it seems that the reaction should prefer to the formation of 7bb instead of 8bb, since the 6/7bb-imine is thermodynamically more stable than 8bb-imine by ϳ7 kcal/mol. To insight the driving forces of this reaction, the further study on the elimination of CH 2 (CN) 2 from 8bb to give 9bb and dicyanomethane was carried out and the located structures 9bb-enamine and 9bb-imine are shown in Figure 6 . The formation of 9bb-imine and dicyanomethane was predicted to be thermodynamically more favorable than 6/7bb-imine by ϳ10 kcal/mol. Thus, these calculations indicated that the isomerization and conversion among these isomeric intermediates are reasonable and preferable entropy arising from the elimination of CH 2 (CN) 2 from 8bb-imine broke the various equilibria and drew the reaction sequence towards the final products in this studied reaction system.
In addition, the reaction system of catalyst 1, 2b, ␣,␣-dicyanoolefin 11, and TFA in THF (Scheme 5) was studied under the same conditions. The absolute abundance of deprotonated ␣,␣-dicyanoolefin 11 is obviously lower than that of the deprotonated compound 4a or 4b under the same injection conditions (Figure 3) , Figure 6 . Calculated structures of transition state and isomeric intermediates of 9bb by the B3LYP/6-31G(d) method. The parameters of distance are shown in angstrom. Most hydrogen atoms were omitted for clarity.
Scheme 5. Michael addition reaction of ␣,␤-unsaturated ketone and ␣,␣-dicyano-olefin catalyzed by 9-amino-9-deoxyepiquinine. which indicates that deprotonated ␣,␣-dicyanoolefin 11 is more active and that intermediates similar to 6 or 7 cannot be observed, which supports that intramolecular Michael addition cannot occur in compound 12.
Conclusion
The proposed major intermediates for the catalytic cycle of Michael-Michael-retro Michael addition reactions of ␣,␣-dicyanoolefins and ␣,␤-unsaturated ketones catalyzed by 9-amino-9-deoxyepiquinine were successfully intercepted and structurally characterized using ESI-MS, ESI-MS/MS, and ab initio quantum mechanical calculations. Some isomeric intermediates, including isomeric enamine and imine structures, were differentiated. Structural characteristics of protonated catalyst and the relationship between ion activity and absolute abundance are of interest. Further studies in this field are now being carried out in our laboratory.
